PROCEEDINGS

oF SCIENCE

[/~ ICRC 2021

) THE ASTROPARTICLE PHYSICS CONFERENCE
x Berlin | German: y

“ ay Conference
r 12-23 July 2021

Monitoring Gamma-Ray Burst VHE emission with the
Southern Wide-field-of-view Gamma-ray Observatory

G. La Mura®* on behalf of the SWGO Collaboration
(a complete list of authors can be found at the end of the proceedings)

“Laboratorio de Instrumentagdo e Fisica Experimental de Particulas, Av. Prof. Gama Pinto 2, Lisboa,
Portugal

E-mail: glamura@lip.pt

It has been established that Gamma-Ray Bursts (GRB) can produce Very High Energy radiation
(E > 100 GeV), opening a new window on the investigation of particle acceleration and radiation
properties in the most energetic domain. We expect that next-generation instruments, such as the
Cherenkov Telescope Array (CTA), will mark a huge improvement in their observation. However,
constraints on the target visibility and the limited duty cycle of Imaging Atmospheric Cherenkov
Telescopes (IACT) reduce their ability to react promptly to transient events and to characterise
their general properties. Here we show that an instrument based on the Extensive Air Shower
(EAS) array concept, proposed by the Southern Wide Field-of-view Gamma-ray Observatory
(SWGO) Collaboration, has promising possibilities to detect and track VHE emission from GRBs.
Observations made by the Fermi Large Area Telescope (Fermi-LAT) identified some events with
a distinct spectral component, extending above 1GeV or even 10 GeV, which can represent a
substantial fraction of the emitted energy and also arise in early stages of the process. Using
models based on these properties, we estimate the possibilities that a wide field of view and large
effective area ground-based monitoring facility has to probe VHE emission from GRBs. We show
that the ability to monitor VHE transients with a nearly continuous scanning of the sky grants an
opportunity to access simultaneous electromagnetic counterparts to Multi-Messenger triggers up

to cosmological scales, in a way that is not available to IACTs.
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1. Introduction

Since the time of their discovery, Gamma-ray Bursts (GRBs) have always represented a major
astrophysical challenge, both in terms of observations and of theoretical interpretation. After several
decades of investigation, it is well established that GRBs are produced within ultra-relativistic jets
of material accelerated by the rapid accretion process that occurs during the formation of a magnetar
or a black hole (BH) [1]. These objects can either result from the core collapse of a very massive
star (M > 20 M), or as the consequence of a binary neutron star (NS) or a NS-BH merger. In spite
of sharing a common engine, the two different scenarios are characterized by distinct properties.

Generally speaking, a GRB exhibits two emission regimes: a prompt stage, characterized
by variable pulse-like emission, and an afterglow, featuring a smooth time evolution, usually in
the form of a power-law or a broken power-law. The distribution of prompt emission duration is
bi-modal and it well reflects the existence of two possible origins [2, 3]. The events with prompt
emission faster than 2 s are named short GRBs and are considered the counterpart of compact binary
mergers, while those lasting from several seconds to minutes are called long ones and are typically
associated with stellar collapse mechanisms [4]. The afterglow, on the other hand, can be emitted
for much longer time-scales, reaching up to hours or even days, and it can be more easily associated
with possible counterparts at different frequencies (most commonly including X-rays, optical and
radio emission).

The energetic output of GRBs spans between 10°° erg and 10°* erg, with luminosities as high
as 10°%2ergs™'. A large fraction of the energy is emitted in the spectral range running from
hundreds of keV to hundreds of MeV and it usually comes in the form of a combination of smoothly
connected power-laws, represented by the so-called Band function [5]. Thanks to the data collected
by the Fermi Large Area Telescope (Fermi-LLAT) [6], it has been demonstrated that GRBs can
additionally produce photons at energies well above 10 GeV and that they should be intrinsically
able toradiate above 100 GeV, in the Very High Energy (VHE) regime [7], as subsequently confirmed
by observations carried out with the MAGIC and H.E.S.S. telescopes [8, 9]. It is expected that
observations with the Cherenkov Telescope Array (CTA) [10] will further clarify the VHE properties
of GRBs, but, due to the short duration of the prompt emission, any follow-up observation will
be more likely probing the afterglow phase, rather than the prompt one, missing fundamental
information on the VHE emission at the earliest stages.

Here we discuss the potential that a VHE monitoring facility based on the Extensive Air Shower
(EAS) detector array concept, such as the Southern Wide Field-of-view Gamma-ray Observatory
(SWGO) [11], has to contribute in the detection of the most energetic emission of GRBs. We
organize our discussion as follows: in §2 we provide an overview of the observational properties
of the VHE emission of GRBs and of their theoretical implications; in §3 we consider the potential
contributions of SWGO; finally, in §4 we summarize our conclusions.

2. VHE emission from Gamma-Ray Bursts

There is overwhelming evidence that GRBs are produced as the result of relativistic shocks
in a highly magnetized environment. The presence of charged particles and the observed energies
imply that synchrotron radiation and inverse Compton (IC) scattering processes are unavoidable
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Figure 1: High energy light curve of the GRB 130427A, as observed by Fermi-LAT, during the first 5 min in
the 0.1 — 10 GeV energy band. The points with error bars are LAT flux measurements, the green continuous
line is the broken power-law fit of the GRB in 2FLGC, the blue continuous curve is the flux adopted in our
work, while the vertical blue dashed line is the start time of LAT analysis. The red horizontal dashed line is
the average energy flux measured by LAT over the entire duration of the burst.

ingredients of the expected emission. While relatively simple arguments, concerning the intrinsic
opacity to the highest energy photons and their arrival time distribution, tend to agree with the idea
that GRB sources can achieve very high bulk Lorentz factors (I' > 300) and that the most energetic
photons appear to be the result of reprocessed emission, no simple theoretical interpretation is able
to explain the spectral and temporal complexity of GRBs. The large degree of variability of the
prompt stage, seen down to millisecond time-scales, and the particle energy distributions, needed to
justify the observed spectra, pose challenging problems, such as those connected with the electron
cooling time (e.g. [12]). It has been suggested that other exotic radiation mechanisms could be
present. Models including hadronic photo-production [13] and proton synchrotron emission [14],
for example, appear to provide better interpretations, at least for some more energetic events. If this
is the case, characteristic VHE signatures are expected in the spectra [15].

During the first 10 years of its monitoring campaign, Fermi-LAT detected photons in the
spectral range 0.1 —10 GeV for a total of 184 GRBs, listed in the Second Fermi-LAT GRB Catalogue
(2FLGC) [7], occasionally recording high energy photons above 10 GeV. However, the rather small
LAT collecting area (~ 1 m?), combined with the limited duration of the GRB signal, does not allow
the instrument to effectively constrain the VHE domain. In the case of the brightest events, like for
example GRB 130427A, illustrated in Fig. 1, LAT tracked the existence of an additional radiation
component, with respect to the low-energy Band emission, whose spectral and temporal properties
could be well represented in the form of power-law or broken power-law functions, without any
evidence of high energy cut-offs. On the contrary, when simultaneous LAT and VHE observations
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were possible, evidence for an energetic emission in excess of the high energy extrapolation of the
LAT spectra was found [8, 16]. Follow-up observations, carried out by MAGIC and H.E.S.S., were
able to detect VHE emission in the afterglow of some long GRBs, with hints of a VHE signal also
from the short GRB 160821B [16]. The presence of VHE emission in both event classes is difficult
to explain in one-zone models of Synchrotron-Self-Compton (SSC) emission from external shocks
and it favours alternative scenarios where TeV scale emission can be relatively enhanced. This
suggests that monitoring instruments with large collecting areas may provide fundamental insight
in the VHE properties of GRBs, down to the time-scale of the early afterglow and of the prompt
emission. In the following, we explore the scientific opportunities expected from a comparison
of GRB observations, and of their possible extension to the VHE domain, with the sensitivity
requirements for a survey instrument, like the one proposed by the SWGO Collaboration.

3. GRB monitoring with SWGO

Due to the typically very low photon fluxes, the observation of VHE sources emitting for short
times requires the use of large instrumented areas. These can only be attained by ground-based
facilities, where IACT observatories achieve the best performance, thanks to their good angular
resolution and to their excellent background rejection power. However, the narrow Field of View
(FoV), of the order of few square degrees, and the limitation to operate during clear nights, pose
serious constraints on the possibility that Cherenkov telescopes may quickly and effectively cover
fast transients, such as the prompt emission of GRBs. Observations with EAS arrays, on the
contrary, grant a continuous scanning of a much larger FoV (~ 1 sr), although they need to cope
with a larger rate of cosmic-ray background events and they have to be located at high altitude
(= 4500m a.s.l.), in order to be able to detect particles from showers produced by primaries in the
sub-TeV energy domain.

The high energy emission observed from GRBs, above the GeV scale, can usually be expressed
in the form of a power-law spectrum, such as:

dN (1)
dE

~ No(1) (EEO) exp[—7(E. 2)]. (1)

where Ny(¢) is the photon flux per unit energy at time ¢ and energy E( « is the spectral index
(generally found in the range 1.5 < @ < 3 with an average value close to 2) [7], and 7(E, z) is the
pair production opacity that high energy y-rays experience mainly on the Extra-galactic Background
Light (EBL) photons. The expected VHE 7y-ray fluxes can be estimated at different times from
Eq. (1), in the assumption that the spectrum normalization scales with time, according to a broken
power-law function, defined as:

-5
t—T t
No(t) =N, (T ;0) forTy <t <T, and Ny(t)=N, (T_) fort > T, 2)

p

where N, is the peak flux normalization, Tj is the starting time of the GRB emission, T}, the time
required to achieve peak luminosity, and ¢ is the index of the subsequent power-law decay. The
amount of expected photon fluxes can be obtained by integrating the spectra of GRBs either in
time or in energy, under the assumption of a specific EBL opacity model [17]. As it is shown
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Figure 2: Left panel: average photon flux expected above any given energy in 1000s for a burst with
the spectral and temporal characteristics of GRB 130427A (blue continuous line), an identical burst with
10% its strength (blue dashed line) and the same previous cases computed for twice the measured redshift
(red continuous and dashed lines). The horizontal black dashed line represents a reference flux limit of
5-10"° phecm™2s~!. Right panel: same as left panel, but calculated for the instantaneous integral photon
fluxes, expected above 100 GeV and assuming that the limiting flux for a detection scales approximately as
the square root of the observation time.

by Fig. 2, the resulting fluxes are controlled by the burst own luminosity, by the redshift of the
source, and by the energy window considered in the observation. The data collected by Fermi-LAT
and the subsequent detection of VHE components in the spectra of some events by MAGIC and
H.E.S.S. show that such high energy spectral components can appear both in long and short GRB,
suggesting that the emission may be interpreted in terms of internal radiation mechanisms, rather
than through environmental interactions. The LAT observations, in particular, form a good basis
to model the temporal evolution of the energetic component, although information on the prompt
and early afterglow emission is still very scarce, being only available for a few particularly bright
events.

Using the spectral and the light curve information provided by 2FLGC, we can estimate the
photon fluxes, detected by Fermi-LAT in the 0.1 — 10 GeV energy range as a function of time, and
attempt a calculation of the VHE extrapolation. If the redshifts of the observed GRBs were known,
this operation would be possible, with the only uncertainty related to the choice of the adopted
EBL opacity model. In practice, however, only 34 LAT detected GRBs, listed in 2FLGC, have an
actual measurement of the redshift, so, in order to take into account the effects of EBL opacity,
when moving from the LAT observed window to the VHE domain, we need to test the visibility of
sources with different intrinsic power, spectral index and redshift. A detailed study of the possible
effects of redshift distribution is currently in progress. Here we limit ourselves to consider what
kind of GRBs would be detectable, if the spectral window covered by a ground based monitoring
instrument can be extended in the sub-TeV energy range down to approximately 100 GeV.

The situation illustrated in Fig. 2 shows that an integrated flux sensitivity of 5- 10~"phcm=2s~!
for approximately 1000 s observing time, pursued by SWGO, would result in excellent detection
possibilities for the characteristics of the highest energy LAT detected GRB. More realistic expec-
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tations, however, should not only limit to consider the best available case. For this reason, the
comparison of expected fluxes and desired sensitivity is carried out in a few additional cases, where
the effects of lower intrinsic power or higher source redshift are also taken into account. As it is
clearly illustrated by the diagrams, the largest amount of flux is expected close to the low energy
threshold. The indicated flux sensitivity limit offers very good prospects for the detection of VHE
emission from bright GRBs or fainter events at moderate redshift values (z < 0.5). Intrinsically
luminous events can be effectively tracked at higher redshift (z > 0.5), while the observation of
fainter GRBs would be obviously more problematic, although we can still appreciate the possibility
of a marginal detection of a relatively low-power, high redshift event, provided that the peak of its
light-curve occurs when the source is visible. Using a wide FoV monitoring instrument, therefore,
we would have the completely new opportunity to explore the radiation mechanisms connected with
the prompt emission of a population of targets not limited to only the brightest events.

Taking into account the broad range of radiated power, spectral forms, event duration and
redshift distribution, the explored parameter space roughly corresponds with the possibility to
detect 10% of the brightest Fermi-LAT observed GRBs, which would averagely result in one likely
VHE GRB detection per year. In addition to represent a substantial improvement over the results
achieved in the past years, this level of desired performance would grant the opportunity to detect
the transient in very short times (few seconds or less), providing invaluable simultaneous coverage
to Multi-Messenger triggers and acting as an excellent complementary facility to the follow-up
investigations planned for CTA.

4. Conclusions

The systematic study of GRBs in the VHE domain will represent a fundamental step in
the quickly evolving field of Multi-Wavelength and Multi-Messenger Astrophysics. If the first
detections of Gravitational Waves (GW) marked a corner stone in scientific research [18], the
associated observation of GW 170817 and of the short GRB 170817A represented the first direct
evidence of the compact binary merger as a viable explanation to short GRBs, paving the way to a
wealth of Cosmological and High Energy Physical tests [19, 20]. A fundamental question related
to the nature of GRBs and to their distinction in classes is whether the formation of the jet and its
subsequent evolution involve substantial hadronic processes, a matter that could be unambiguously
solved by the association of GRBs with neutrino events or with early VHE emission (see e.g. [21]).

Evidence based on existing observations has firmly demonstrated that GRBs can produce
energetic radiation and also that this spectral component may be associated with the elusive prompt
emission (e.g. [22]). The observation of early high energy photons, together with hints of VHE
detection of short GRBs, like in the case of GRB 160821B, challenges the external shock model
predictions and suggests that additional mechanisms may be at work. Covering the VHE window,
particularly in the early emission phase, will be a crucial requirement for the development of more
advanced models. The ability to characterise the earliest properties of VHE emission will be
fundamental both to improve the time-domain investigation of Multi-Messenger triggers, as well
as to offer high quality follow-up triggers that, as demonstrated by H.E.S.S. and further boosted
by the upcoming investigations with CTA, can track the VHE evolution up to several hours in the
afterglow [9].
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Figure 3: Representation of the visible sky, within 30° from zenith, showing the sky regions covered by
LHAASO (cyan shaded area) and by SWGO, assuming an observatory latitude close to 23° S (orange shaded
area). The map is plotted in Galactic coordinates.

The large FoV and the nearly continuous operating time of EAS arrays make this type of
instruments an ideal facility to survey the sky looking for fast transient sources. Their ability to
cover large sky areas will help constraining the VHE properties of early GRB emission, with new
implications on the involved radiation mechanisms. However, in order to observe events located at
Cosmological distances, they need to work effectively in the sub-TeV energy domain and, therefore,
to be located in high altitude sites. The Large High Altitutde Air Shower Observatory (LHAASO)
[23], in the Northern hemisphere, and SWGO, from the Southern hemisphere, have the potential
to carry out a VHE monitoring program that will cover a large fraction of the visible sky, as
illustrated in Fig. 3. If extended in the sub-TeV domain, this nearly constant scanning of the sky
will help clarifying the VHE properties of GRBs by assessing the existence of spectral components
that, though predicted in well justified models, are hard to detect with present day instruments,
particularly in the prompt phase. In addition, it will offer a new window to identify sources of
energetic transients, like gravitational waves and high energy neutrinos. Indeed, the identification
of possible counterparts to alerts issued by continuously operating experiments, such as IceCube
and LIGO/VIRGO, will undoubtedly benefit from the existence of a network of VHE monitoring
programs, able to detect energetic transients and, thus, to further refine the investigation of their
sources, placing constraints on their possible association and on the theoretical interpretation of
their overall activity.
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